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2However, by choosing a radial ow one can get a op-
tical black hole with a horizon. Working in spherical
coordinates we choose a ow
u = (f(r); 0; 0) (8)
and specialize to the case
f(r) = = (r + 
0
) : (9)
Here  is a ow parameter, which we will take to be
positive, and 
0
is a cuto which prevents the velocity
from becoming innite at the origin. As we will see none
of the essential physics depends on 
0
. There is nothing
special about our choice for f(r), there are other choices
which will give similar results. With f(r) given by Eq.
9 it is straightforward to show that the metric has an











The radial ow metric does have a null hypersurface and


































which is satised when r = r
H
. Thus, for the radial ow
metric given by Eqs. 3, 8 and 9, the horizon and the
innite red shift surface coincide. The ow velocity at










Since the radial ow optical black hole has a horizon it
will have a surface gravity and a Hawking temperature.















where ` is the Killing vector that generates the horizon
[8]. Evaluating Eq.12 on the horizon gives the surface
gravity on the horizon. For the radial optical black hole












where we have restored the factors of c that come from
the fact that dx
0
= cdt: Note that  is constant on the
horizon as is required by the zeroth law of black hole




















Like a normal black hole the optical black hole has a
negative specic heat. Larger values of  will give larger
Schwarzschild radii, but cooler Hawking temperatures.
If we choose  = 210
7
which corresponds to a physi-
cally reasonable group velocity of v
g
= 15m=s and  = 1,
we get r
H




, and a Hawking tem-
perature of T
H
 5 mK. Although this is an enormous
temperature compared to the Hawking temperature of a
solar mass black hole (T
H
 6  10
 8
K), the prospects
for experiential observation appear dim at best.
In order to be non-pathological, the metric must de-
scribe a space-time that is singularity free in the exterior
of the horizon. To check for singularities, we have com-





which is a standard method of probing the singularity

















where F (r) is a long polynomial in r and












































However, this singularity always lies inside of the horizon
and thus cosmic censorship is preserved. The singularity
is similar to the ring singularity in the Kerr solution. In




In order to make the connection to the four laws of
black hole mechanics [11], we must calculate the mass
3associated with the optical black hole. For an asymptot-
















is the surface element of @S and @S is the
boundary of a space-like hypersurface S and consists of
@B and @S
1
. The boundary @B is the intersection of S
and the horizon, and @S
1




























The rst term in Eq. 17 is the mass associated with the
horizon while the second term is the mass outside the
horizon as measured at innity. We can rewrite the rst



















where  is evaluated on @B and @S
1
respectively [11]







where we have set 
0
= 0 for simplicity. For  = 1 the









. The exterior mass, as seen at innity is
zero since for our ow the surface gravity  falls o as
1=r
6
. Of course, in any real experimental situation the
space will be compact rather than asymptotically at,
and thus there will be an additional contribution to the
mass. Although we will assume an asymptotically at
space-time, this opens up the possibility of investigating
space-times whose topologies are not R
4
.
By combining the radial ow with the vortex ow of
Leonhardt and Piwnicki [6], we obtain the analog of a
Kerr black hole. In spherical coordinates the uid ow
is u = (f(r); 0;W=r). Although the resulting metric is


























Just as in the Kerr case, the innite red shift surface
is no longer spherical. The innite redshift surface is
well dened only if jWj < c= (2
p
). For values of
jWj > c= (2
p
), the sign of g

changes, which changes
the signature of the metric. When 0 < jWj < c= (2
p
)
the hole will possess an ergosphere. The location of
the horizon does not depend on the vorticity and is un-
changed from the purely radial case. This is due to the
fact that g
rr
is unchanged by the azimuthal uid ow.
This is a consequence of not having to satisfy the eld
equations, and is dierent from the Kerr case where g
rr
is aected by the rotation rate of the hole.
For the Kerr type black hole, we have a rotational
Killing vector m = @=@' as well as a time translational
Killing vector k. The Killing vector that generates the
horizon is














) is the coordinate angular veloc-
ity on the horizon. The surface gravity for the Kerr type
black hole is the same as for the radial ow metric and
is given by Eq.13.
Although the surface gravity of the Kerr type hole is
the same as the surface gravity of the radial ow hole










































































where for simplicity we have set 
0
= 0.
The bound onW comes from the requirement that the
denominator in Eq. 23 be positive. The bound on W











To calculate the eective mass of the Kerr type black

















and @ is a
space-like surface of constant t and r = r
H
. Evaluating
40
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